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Cell-penetrating peptides (CPPs) are able to enter cells and
transport a large variety of cargoes (oligonucleotides, peptides,
proteins, nanoparticles) and are now considered as one of the most
promising tools for the intracellular delivery of therapeutics [1–3].
The quantiﬁcation of CPP and cargo cellular internalization and the
analysis of their intracellular degradation is important both for the
comprehension of the internalization mechanism and the design of
novel carriers. Several methods have been developed to evaluate CPP
internalization. They are either based on the quantiﬁcation of a
reporter group or the measure of the cargo biological activity [4].
2183S. Aubry et al. / Biochimica et Biophysica Acta 1798 (2010) 2182–2189The most commonly used reporter groups are ﬂuorophores and
radioisotopes. Methods based on ﬂuorescence or radioactivity usually
give access to the total amount of internalized tagged species with no
possibility to detect modiﬁcations of the peptide that occurred inside
cells. Methods including steps of peptide recovery from cell lysate and
analysis were developed to detect intracellular modiﬁcations or
deﬁne the intracellular localization. However, these analytical
methods do not allow the direct characterization of the species. For
example, a protocol based on HPLC analysis enabled the detection of
the intracellular degradation of ﬂuorescent CPPs [5,6]. In another
method developed by Zaro et al. the combination of radioactivity
counting with subcellular fractionation using size exclusion chroma-
tography allowed the intracellular localization of the CPP (cytosolic vs.
endosomal) giving information about the internalization mechanism
[7].
The efﬁciency of cellular uptake of CPPs has been extensively
studied over the last 15 years. However, results reported strongly
diverge from one study to another, even for a given CPP. For example
the translocation coefﬁcient ([intracellular CPP]/[extracellular CPP])
for Penetratin varies between 0.6 [8] to 71 [9]. These differences can
be ascribed to the use of different incubation conditions [10] or cell
types but also to the use of different reporter groups. Some
ﬂuorophores have been shown to increase cytotoxicity [11] and also
change CPP intracellular distribution [12]. Indeed, the peptide
modiﬁed by a ﬂuorophore has different physico-chemical properties
than the nude peptide and this can affect the internalization
mechanisms.
In addition, in some studies the internalization efﬁciencies were
greatly overestimated because of the membrane-bound CPP. CPPs
bind strongly to the cell surface and the membrane-bound peptide is
usually not completely removed by cell washing [13]. The main
challenge when quantifying CPP cellular uptake is to accurately
distinguish the internalized species from the species bound to the cell
surface. Different treatments are used to remove or modify the
extracellular peptide. In most protocols, the membrane-bound
peptide is degraded by proteases, with the assumption that digests
will no longer exhibit afﬁnity (or at least have lower afﬁnity) for the
membrane andwill thus bemore easily removed bywashing [14]. Cell
wash with heparin has also been combined with trypsin digestion to
improve extracellular peptide elimination [15]. In the method based
on HPLC analysis developed by Oelke et al. the extracellular peptide
was modiﬁed by diazotized 2-nitroaniline to shift its retention time
compared to the non-modiﬁed internalized peptide [5]. Another
strategy to distinguish the internalized peptide from the membrane-
bound peptide relies on the use of a ﬂuorescent CPP conjugated via a
disulﬁde bridge to a ﬂuorescence quencher [9,16]. The CPP becomes
ﬂuorescent once the disulﬁde-bridge is reduced in the cytosol or
nucleus for example.
Measuring the biological activity of a reporter cargo designed to
interact with an intracellular target eliminates artifacts associated
with the membrane-bound peptide. Several assays have been
developed including the CRE-recombinase assay [17], the assay
using releasable Luciferin-transporter conjugates [18] and the now
frequently used Luciferase splice correction assay [19,20]. The cell
activity by capillary electrophoresis technique has been applied to
detect the cytosolic phosphorylation of a protein kinase B substrate
delivered by the Tat CPP [21]. Cytosolic uptake in single cells was also
measured by quenching the ﬂuorescence of cyan ﬂuorescent protein
with CPPs labeled with the ﬂuorescein arsenical hairpin binder
(FLAsH) [22]. Reporter assays can thus directly give information on
the cargo intracellular localization when the target has a well-deﬁned
localization. On the other hand, this usually restricts the detection of
delivery to a speciﬁc compartment, with no indication on the overall
cargo distribution inside cells. The intracellular targets used in the
assays are often located in the nucleus or cytosol and other
compartments like the Golgi apparatus have been poorly explored.In addition, biological assays strongly rely on the correct design of the
reporter cargo. Indeed, the results obtained not only depend on the
efﬁciency of internalization of the CPP–cargo conjugates but also on
parameters such as the lifetime of the cargo inside cells, its afﬁnity for
the target and the target accessibility. Large cargoes can also have an
impact on the mechanism of internalization (endocytosis favored
over direct translocation) and therefore the efﬁciency of entry and the
intracellular destination [23]. The complete evaluation of CPP cellular
internalization and delivery properties thus requires the combination
of different methods that allow the direct quantiﬁcation of the
internalized species, the study of their intracellular stability and
localization and the measure of the cargo biological activity. We
summarize here the advantages and results that we have obtained
using a direct method of CPP quantiﬁcation based onMALDI-TOFmass
spectrometry.
2. A quantiﬁcation method based on MALDI-TOF MS
MALDI-TOF MS enables direct peptide detection and characteriza-
tion and this offers several advantages compared to techniques based
on ﬂuorescence or radioactivity. Direct peptide characterization can
help improving the distinction between the internalized and
membrane-bound species, thus leading to more accurate measures.
Indeed, the membrane-bound peptide can be distinguished by
applying a chemical or enzymatic treatment that will only modify
(and change the mass) of the extracellular peptide. The use of MALDI-
TOF MS allows the absolute quantiﬁcation of the intact internalized
species (CPP and/or cargo) and the concomitant analysis of their
intracellular degradation. In addition, several species can be easily
quantiﬁed simultaneously such as the carrier and its cargo ormixtures
of CPPs for screening experiments.
MALDI-TOFMS is a sensitive technique, but it is not quantitative by
using directly the ion signal intensity. Indeed, signal intensity depends
on the amino acid composition of the peptide and also conditions of
co-crystallization with the matrix (deposit heterogeneity). Problems
associated with MALDI-TOF MS quantitative analysis also include low
shot-to-shot reproducibility and signal suppression phenomenon. For
these reasons, the technique has mostly been restricted to qualitative
analysis and in the ﬁeld of CPPs has ﬁrst been limited to the study of
peptide degradation [24–27]. However, accurate peptide quantiﬁca-
tion can be achieved by using an internal standard, which must
correspond to the same peptide labeled by a stable isotope (2H, 13C,
15N). No discrimination occurs between the analyte and the standard
during sample preparation and the process of desorption/ionization
because both species are chemically equivalent. Isotope labeling has
ﬁrst been used by Gobom et al. to measure the absolute amount of
neurotensin in humain brain tissues [28] and it is now routinely used
in proteomics but mostly for relative quantiﬁcations [29].
Several isotopically labeled tags have been developed for proteo-
mics and are now commercially available. They usually allow labeling
at the end of the experiment of all endogenous peptides on their
lysine or cysteine residues [29]. Our approach instead has been to pre-
functionalize CPPs with the tag using standard solid-phase peptide
synthesis. The tags that we have developed (Fig. 1A) are biotinylated
to facilitate the recovery of the peptides from the biological sample for
the MALDI-TOF analysis. Indeed, biotinylated peptides can rapidly be
extracted from complex mixtures, such as cell lysates, desalted and
concentrated using streptavidin-coated magnetic beads [30]. The ﬁrst
tag that we have used for CPP quantiﬁcation corresponds to biotin-
(Gly)4 [31]. The msr tag (Fig. 1A) was also designed to further study
the kinetics of intracellular degradation: it is totally resistant to
proteases and detectable byMALDI-TOFMS [32]. The tag is introduced
at the N-terminus of the peptide in its non-deuterated form for the
species incubated with cells (1H-peptide) and in its bi-deuterated
form for the internal standard (2H-peptide) (Fig. 1B). Both species
have 8 mass units difference when using the biotin-(Gly)4 tag and 10
Fig. 1. (A) Isotopically labeled tags developed to quantify CPPs or cargoes by MALDI-TOF MS. (B) CPP and CPP–cargo conjugate constructions. Species incubated with cells (non-
deuterated, 1H-peptides) and corresponding internal standards (deuterated, 2H-peptides) are shown. For disulﬁde conjugates, extraction of the internalized species is performed in
presence of DTT to reduce the CPP or cargo adducts with glutathione, internal standards corresponding to the reduced species are thus used [45].
2184 S. Aubry et al. / Biochimica et Biophysica Acta 1798 (2010) 2182–2189mass units difference with the msr tag. This is sufﬁcient to avoid an
overlap of the peptide signals on the mass spectra for peptides with
m/z b3000 (Fig. 2) [33].
2.1. Protocol
The general lines of the protocol that we have developed to
measure CPP uptake or peptide cargo delivery are summarized in
Fig. 2 [31,34]. Cells are seeded in multi-well plates the day before the
experiment or longer as long as the number of cells can be determined
properly at the time of the experiment. Adherent cells are incubated
with the non-deuterated CPP or CPP–cargo conjugate (1H-peptide) in
culture medium. After washing with culture medium, cells are treated
to modify the membrane-bound peptide. Cells are detached and
transferred into centrifuge microtubes. This is followed by the
addition of a known and adequate amount of internal standard (2H-
peptide) and cell lysis. All biotinylated species are then extracted from
the cell lysate with streptavidin-coated magnetic beads. Beads are
washed and mixed with CHCA matrix. After 10 min incubation at
room temperature to elute the biotinylated species, the supernatant is
deposited on the sample holder and analyzed by MALDI-TOF MS. The
absolute amount of intact internalized peptide is then calculated from
the area ratio of the 1H-peptide and 2H-peptide [M + H]+ peaks
(intact peptides).
2.2. Critical steps for the accuracy of the method
2.2.1. Distinction between the internalized andmembrane-bound peptide
The treatment to modify the membrane-bound peptide must meet
several criteria. It must not perturb cell integrity and must be efﬁcient
(total modiﬁcation of the extracellular peptide) and brief to avoid
potential exchange of the peptide between the intracellular and
extracellular milieu. In addition, only non-permeable enzymes or
chemical reagents or reagents that are quenched inside cells can be
used. Generally, trypsin or pronase digestion is performed followed by
theaddition of protease inhibitors. Becauseweusemass spectrometry to
detect and quantify the CPP, a unique cleavage in the sequence of the
peptide is sufﬁcient to ensuredistinctionbetween themembrane-bound
peptide and the intracellular intact peptide. This is not necessarily truefor indirectmethods based on thequantiﬁcation of a reporter group such
as ﬂuorophores or radioisotopes. Indeed, the digests may retain afﬁnity
for the membrane leading to an overestimation of the efﬁciency of
internalization.
Diazotized 2-nitroaniline (diazoNA) can also be used in the
internalization experiment. This reagent is not internalized inside
cells but the excess of diazoNA must be quenched before cell lysis (by
addition of amines for example) to avoid the modiﬁcation of the
internalized species. DiazoNA canmodify at 0 °C the side-chains of Lys
[5,6] and also reduced Cys [35]. However, it is necessary to control in
vitro its reactivity towards the CPP studied. For example, we observed
a complete modiﬁcation of Penetratin after 10 min treatment at 0 °C
with diazoNA [35]. However, we found that some peptides although
containing several Lys residues in their sequence were only partially
modiﬁed and diazoNA could therefore not be used to study their
cellular uptake. Noteworthy, similar results of internalization efﬁ-
ciency were obtained for Penetratin when using the different protease
or chemical treatments to modify the membrane-bound peptide or
even when diazotized 2-nitroaniline was combined with pronase
(Fig. 3).
2.2.2. Cell lysis
Conditions of cell lysis and peptide capture are particularly critical
for the accuracy of the method. Indeed, intracellular proteases are
released during lysis and rapidly degrade peptides if not inhibited. In
addition, the lysate may contain molecules that exhibit afﬁnity for the
CPPs and may hamper their capture by streptavidin-coated magnetic
beads. This may lead to discrimination during capture between the
internalized peptide and the internal standard since both peptides
have not necessarily been exposed to the same interactions.
Conditions have been optimized to avoid artifacts, and it was found
that the best was to heat the cell lysate at 100 °C for 15 min (in 0.3%
Triton X-100, 1 M NaCl). This induces protease denaturation.
However, the internal standard must be added before cell lysis to
control that no degradation occurred during sample preparation.
Measures of uptake efﬁciency are valid only if no deuterated digest is
detected on the mass spectra. Noteworthy, we almost never observed
artefactual degradation when using the lysis conditions described
above. The boiling step also enables the internal standard and
Fig. 3. Comparison of different treatments to remove themembrane-bound peptide and
quantify the internalized CPP. 106 CHO cells were incubated for 75 min with 7.5 μM
Penetratin at 37 °C. Cells were then treated with proteases (3min at 37 °C) or diazotized
2-nitroaniline (diazoNA, 10 min at 0 °C) or both. The amount of internalized intact
Penetratin in 106 cells was measured by MALDI-TOF MS. Experiments were performed
in triplicates and repeated at least twice independently.
Fig. 2. Protocol used for MALDI-TOF MS quantiﬁcation.
2185S. Aubry et al. / Biochimica et Biophysica Acta 1798 (2010) 2182–2189internalized CPP to associate to the same extent with lysate
components and to be subsequently captured on streptavidin-coated
magnetic beads with the same yield. Quantiﬁcation is then correct
even if the peptides are not recovered in totality from the lysate.
Notheworthy, with indirect methods using ﬂuorescence, interactions
of the CPP with intracellular partners can lead to quenching of the
ﬂuorescent CPP and therefore to biased quantiﬁcation and/or
localization.
2.2.3. MALDI-TOF MS analysis
For quantitative analysis, MALDI-TOF MS mass spectra are
averaged from a large number of laser shots (several hundreds)
because of low laser shot-to-shot reproducibility. [M+H]+ signals of
the intact non-deuterated and deuterated peptides must exhibit the
predicted isotopic pattern indicating that a good statistical sampling
and counting have been achieved. Quantiﬁcationwas then found to be
accurate with ratios of 1H-peptide and 2H-peptide signal areas
ranging from 0.2 to 5. In these conditions, measures performed on
different deposits of the same biological sample give good reproduc-
ible results (b5% variation).
3. Internalization efﬁciency of non-conjugated CPPs
We have compared with this method several short cationic CPPs
[31] including Penetratin (Pen), Tat48-59, R9 and CPPs that have been
developed more recently such as R6/W3 (RRWWRRWRR) [32] and
Fig. 5. Proﬁle of intracellular degradation of msrR6/W3 after 75 min or 18 h
internalization in CHO cells. The C-terminal residue of the digests and of the intact
CPP is indicated. The relative ion abundance (average±SEM) was calculated from the
signal area of all detected biotinylated species on the mass spectra.
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Knotted homeodomain) [36] (Fig. 4A). When CHO cells were
incubated at 37 °C for 1h15 with 7.5 μM of CPP, the intracellular
concentration of intact CPP was found to range from 0.65 μM for Tat to
25 μM for Kno (calculatedwith an estimated CHO intracellular volume
of 1.5 pL/cell). Kno was the only CPP among all classical (non
modiﬁed) CPPs studied with this method to give an intracellular
concentration of intact peptide well above the concentration applied
outside cells.
In experiments performed at 37 °C internalization can result from
endocytosis or direct translocation. The measures obtained at 37 °C
correspond to the intact peptide present in all intracellular
compartments including endosomes. Accurate measures of translo-
cation at 4 °C can be performed using MALDI-TOF MS. Indeed, the
membrane-bound peptide can be removed at this temperature as
well using diazotized 2-nitroaniline (always performed at 0 °C) or
pronase, which remains efﬁcient at 4 °C. Studies at 4 °C have shown
that direct translocation is also a pathway of entry inside cells for
some CPPs [35].
The afﬁnity of CPPs for cell membrane can also be evaluated using
MALDI-TOF MS. For this, cells are only washed three times with
culture medium (DMEM) after CPP incubation and no protease or
chemical treatment is performedafterwards. The amountofmembrane-
bound peptide was found to be six times higher than the amount of
internalized peptide for Pen and up to 65 times higher for Tat [31]. This
showed that there is no direct correlation between membrane afﬁnity
and internalization efﬁciency.Fig. 4. (A) Amount of intracellular intact CPP in 106 CHO cells. Cells were incubated for
75 min with 7.5 μMCPP at 37 °C. Membrane-bound peptide was degraded with trypsin.
Experiments were performed in triplicates and repeated at least twice independently.
Results are given as average±SEM. (B) MALDI-TOF mass spectra obtained for the
internalization of Pen. Spectrum was recorded on a DE-PRO MALDI-TOF (Applied
Biosystems).4. Analysis of the intracellular degradation of the CPP and cargo
Our protocol based on MALDI-TOF MS also allows the analysis of
the CPP intracellular degradation. Only biotinylated digests are
recovered from the cell lysate with the streptavidin-coated beads
and can be detected on the mass spectra. Absolute quantiﬁcation of
each intracellular digest is possible but it requires the synthesis and
use of the corresponding internal standards. However, the relative ion
abundance for the intact species and digests can be easily calculated
from the area of the corresponding signals. The degradation proﬁle of
a given CPP can thus be compared for different incubation times with
cells.
With all CPPs mentioned above, the most abundantly detected
species inside cells after 1h15 incubation was the intact species (Fig.
4B) [31,36]. The kinetic of entry and intracellular degradation have
been analyzed in details for R6/W3 functionalized with the msr (mass
stable reporter) tag (Fig. 1A) [32]. This tag has been designed
especially to study intracellular degradation: it is stable towards
proteases, it has am/z over 700 and gives a good signal byMALDI-TOF
MS. MsrR6/W3 uptake was found to be rapid, reaching a steady-state
after 30–60 min incubation with cells. The amount of intact peptide
remained stable for 4 h and decreased slowly afterwards. Digests
(each not exceeding 10–15% ion abundance) corresponding to
cleavage after all residues up to the N-terminal cysteine of the
peptide were observed (Fig. 5). After 1h15 incubation the full-length
peptide ion was the most abundant, representing more than 50% of all
detected ions. Abundance was decreased to 30% after 18 h incubation
of the CPP with cells (keeping the same CPP solution outside cells).
Interestingly, it was observed that degradation inside cells continued
to proceed slowly at all positions with no marked accumulation of the
shortest biotinylated digest. It was also found that there is no efﬂux of
the internalized CPP outside cells.
We also usedMALDI-TOFMS to compare the proﬁle of degradation
of a peptide cargo transported by different carriers [37]. The cargo
used was a peptide inhibitor of protein kinase C (PKCi=RFARK-
GALRQKNV) functionalized with an isotope tag and a cysteine at its N-
terminus (Biotin-GGGGC). The cargo was conjugated by a disulﬁde
bridge to linear or dendrimeric pseudo-peptide carriers displaying
different functional groups (ammonium, guanidinium and myristyl)
(see two examples, Fig. 6A). Marked differences were observed
between carriers. Efﬁciency of delivery was greatly improved upon
myristoylation. This also led to particular proﬁles of degradation.
Indeed, with all carriers cleavage after the basic residues of the cargo
was observed (not exceeding 15% ion abundance for each digest).
However, cleavage after alanine residues was only observed with
myristoylated carriers (Fig. 6B). This suggested different pathways of
entry or ﬁnal destinations for the different carrier–cargo conjugates.
Distinct proﬁles of cargo intracellular distribution were indeed
Fig. 6. (A) Structure of the disulﬁde conjugates between the pseudo-peptide carriers and the PKCi cargo. (B) Comparison of the proﬁle of degradation of the PKCi cargo when
delivered by carriers shown in A. The C-terminal residue of the digests and intact CPP is indicated. The relative ion abundance (average±SEM) was calculated from the signal area of
all detected biotinylated species on the mass spectra.
2187S. Aubry et al. / Biochimica et Biophysica Acta 1798 (2010) 2182–2189observed by confocal microscopy [37]. However, the compartment
responsible for the particular pattern of cargo degradationwhen using
the myristoylated carrier (cleavage after Ala) remains to be identiﬁed.
Importantly, this study gave the evidence that different intracellular
localizations of the cargo could be obtained by changing the chemical
structure of the carrier.
5. Impact of cell-surface thiols on the internalization of
disulﬁde-conjugated CPPs
The linkage between the carrier and cargo has an important impact
on the efﬁciency of delivery, the intracellular localization of the cargo
[38,39] and also certainly the mechanism of entry of the conjugates.
The disulﬁde linkage has been used quite often for drug delivery
because it is relatively stable in the plasma but it is expected to be
cleaved in the reducing intracellular compartments (in particular the
cytosol) allowing the release of the cargo [40]. We have studied the
impact of cell-surface thiol/disulﬁde exchanges on the entry of CPP
constructs (Fig. 7A) containing disulﬁdes or reduced thiols by
combining MALDI-TOF MS with simple thiol-speciﬁc reactions [35].
A CPP–cargo disulﬁde conjugate (R6/W3-SS-PKCi) was examined.
Derivatives of Pen and R6/W3 containing cysteine residues at their N-
and C-termini were also designed for this study. The Cys residues
were either kept reduced or oxidized to give the cyclic CPPs.
Reduction at the cell surface was observed when incubating the
disulﬁde constructs with adherent CHO cells for 1h15, but it was
strongly dependent on the peptide structure and sequence. Indeed,
almost no reduction was observed for the cyclic CPPs or a disulﬁde
conjugate of the cargo. In contrast 19% of the CPP–cargo conjugate was
reduced. Disulﬁde reduction at the cell surface had been observed
before for poly-Lys conjugates [41]. It is also the reduction of disulﬁde
bonds in viral envelop proteins catalyzed by the cell-surface protein
disulﬁde isomerase that triggers the entry of HIV [42].
Our experiments showed that thiol/disulﬁde exchanges also lead
to cross-linking via disulﬁde bridges to cell-surface proteins for
peptides (CPP or cargo) containing reduced thiols or disulﬁde bonds.
These cross-linked species remain for themajor part trapped in the cell
membrane and are not accessible to trypsin digestion. Therefore, using
only trypsin to remove the membrane-bound peptide leads to an
important overestimation of the efﬁciency of internalization for CPPs
containing cysteines. This was observed using the MALDI-TOF MS
protocol, but it would happen as well using methods based on the
measure of ﬂuorescence or radioactivity. To accurately quantify the
internalization of CPPs and conjugates containing cysteine residues,we have developed a new protocol to distinguish the internalized
peptide from the membrane-associated peptide. This protocol
includes a step of reduction with TCEP of cross-linked peptides. This
is followed by the alkylation with N-ethyl maleimide (NEM) of the
cysteinyl residues of the CPP and cargo. NEM is cell-permeant but it is
quenchedonce internalized in the cytosol by reactingwith the reduced
glutathione present at high concentration (1–5 mM) in this compart-
ment. Therefore, only extracellular peptides as well as peptides
embedded in the plasma membrane and peptides present in nascent
endosomes aremodiﬁed by theNEM reagent. NEMalkylationmay also
occur in early endosomes as the reaction is favored at neutral pH and
requires the absence of thiols. After cysteine reduction and alkylation,
the membrane-bound peptide becomes accessible to trypsin (Fig. 7B)
and the internalization of peptides can be accurately quantiﬁed. Using
this new protocol, similar intracellular quantities were measured
for CPPs containing reduced cysteine(s) and their analogues with
cysteine(s) blocked by an acetamido (Acm) group (Fig. 7B).
Peptides containing disulﬁdes were found to enter cells more
efﬁciently than their analogues with reduced cysteines (Fig. 7B). This
was observed for the cyclic CPPs compared to their linear counterparts
and also the CPP conjugated to the PKCi cargo compared to the free
CPP. Noteworthy, disulﬁde-containing peptides and their reduced
analogues exhibited similar proﬁles of intracellular degradation, the
intact species being again the most abundantly detected (N60% ion
abundance) [35]. No extracellular proteolytic degradation was
detected during incubation of the peptides with CHO cells in culture
medium without serum.
The higher efﬁciency of cellular uptake of the cyclic CPPs and the
conjugate may be explained by the structural changes introduced
(cyclization, conjugation of the CPP to the cationic PKCi cargo).
However, we also found that cell-surface thiols could contribute to the
internalization of CPPs containing disulﬁde bonds. Indeed, the
internalization efﬁciency of the cyclic R6/W3 CPP was signiﬁcantly
reduced when cell-surface thiols were blocked during internalization
by DTNB (5,5′-dithio-bis(2-nitrobenzoic acid), a non-permeant thiol-
speciﬁc reagent) [35]. In addition, when using suspended CHO cells
instead of adherent cells, the internalization efﬁciency was increased
more for the cyclic R6/W3 CPP (6-fold) than for the linear CPP with no
reactive cysteine (2.5-fold). An increase of internalization is expected
for all CPPs when using suspended cells because of the larger
accessible membrane surface. Suspended cells also have a much
higher density of cell-surface proteins presenting thiols, probably
because of the recruitment of these proteins during cell adhesion
[43,44]. For cyclic R6/W3, one of the pathways of entry thus involves
Fig. 7. (A) General structure of the peptide constructs containing Cys residues (linear, cyclic and conjugated peptides). X=H or CH2–CO–NH2 (Acm). The tag corresponds to biotin-
GGGG or to the msr tag. (B) Amount of cell-associated peptide for 106 CHO cells. Cells were incubated for 75 min with 7.5 μM CPP (in presence of DTT for reduced peptides). Cells
were then treated with trypsin (giving the amount of intracellular + cell-surface cross-linked peptides) or with TCEP/NEM followed by trypsin (giving the amount of intracellular
peptide). For the conjugate, the amounts given correspond to the underlined species (CPP or cargo). (C) Effect of DTNB on the internalization of derivatives of the PKCi cargo. 106 CHO
cells were incubated 75 min with 7.5 μM peptide with or without DTNB (1.2 mM). The TCEP/NEM protocol was used to remove the membrane-bound peptide. Amounts given
correspond to the internalized PKCi. (Npy=3-nitro-2-pyridine).
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proteins, the CPP is internalized along with the proteins by
endocytosis. This pathway of entry could not be evidenced for cyclic
Pen and the CPP–cargo conjugate, since in these cases DTNB increased
the internalization efﬁciency [35]. To further explore this pathway of
internalization involving cell-surface thiols, we quantiﬁed the uptake
of derivatives of the non-permeant PKCi cargo (Fig. 7C). The cargo
containing a reduced cysteine was very poorly internalized and its
conjugation via a disulﬁde bridge to cysteine had no effect. In contrast,
activation of the cargo cysteinyl residue with a 3-nitro-2-pyridine-
sulfenyl (NPy) group, which should enhance cross-linking to the cell
surface, promoted internalization. Dimerization of the cargo (in the
absence of CPP) was even more efﬁcient to induce internalization.
Interestingly, the nitropyridine derivative was more degraded inside
cells than the dimer and it gave a more vesicular intracellular
distribution suggesting different pathways of entry for both com-
pounds [35]. This was conﬁrmed by comparing the entry of both
compounds in the presence or absence of the thiol blocker DTNB.
Internalization was almost completely abolished for the nitropyridine
derivative showing that it was mediated by cell-surface thiols but no
signiﬁcant difference was observed for the cargo dimer. The dimer
contains a total of 10 cationic residues, which is probably sufﬁcient to
induce internalization.
Cell-surface thiol/disulﬁde exchanges can thus lead to disulﬁde
reduction or cross-linking tomembrane proteins. Cross-linked species
either remain trapped at the surface or lead to the entry inside cells for
peptides (CPPs and originally non-permeant peptides) containing
disulﬁde bonds. These different processes appear to be highly
sequence-dependent. They may explain the differences in the
amounts of intracellular CPP and cargo observed with the R6/W3-SS-PKCi conjugate (Fig. 7B). Indeed, the amount of intact cargo was
found to be almost three times lower than the amount of carrier.
Different kinetics of intracellular degradation of both peptides may
also be responsible. These points will need to be further explored.
6. Conclusion and perspectives
With the method based on MALDI-TOF MS presented herein the
absolute amounts of internalized CPP and/or cargo can be measured
and their intracellular degradation can be analyzed in parallel.
Importantly, this method enablesmore accurate distinction compared
to indirect methods between internalized and membrane-bound
peptide with, in addition, the possibility to use chemical reagents for
the study of protease-resistant carriers. This method has already
proved to be a valuable tool to select new carriers [32,37,45] and study
CPP internalization mechanisms [32,35]. However, it is currently
limited by the fact that it does not directly give information on the
intracellular localization of the cargo. A potential improvement could
be to combine MALDI-TOF MS with subcellular fractionation to deﬁne
the concentration of CPP in the different organelles. However,
removing the peptide bound to the surface of the organelles while
maintaining organelle integrity will be a crucial step. In addition, it
will be necessary to control that no CPP exchanges occur during
sample preparation between the organelle lumen and the cytosol.
Another strategy, which also appears promising, is to use MALDI-TOF
MS to detect the modiﬁcation of the delivered cargo by intracellular
enzymes. Targeting enzymes with a well-deﬁned intracellular
distribution would allow the localization without ambiguity of the
internalized cargo. Importantly, usingMALDI-TOFMSwould enable in
the same experiment the quantiﬁcation of the fractions of modiﬁed
2189S. Aubry et al. / Biochimica et Biophysica Acta 1798 (2010) 2182–2189(i.e., accessible to the enzyme) and non-modiﬁed internalized cargo
and the analysis of the cargo intracellular degradation. This would
give by using a unique method a complete proﬁle of internalization.
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